Solving the statistical equilibrium equations we find line intensity ratios of C III, N III, O III, Si III, and Al III in the visible and ultraviolet range, that are sensitive to electron density and/or temperature in the regime commonly found in pulsed laser deposition. For thin film deposition, the plasma density is between 10 12 and 10 18 cm Ϫ3 and the temperature is close to 10 4 K. Our results are consistent with experimental data on Al II and Al III, previously reported in the literature. These line intensity ratios are a promising tool to diagnose the physical state of plasmas generated through laser ablation in thin film deposition techniques.
I. INTRODUCTION
Among the many techniques used to produce thin films, pulsed laser deposition ͑PLD͒ stands out for its experimental simplicity.
1 With this technique, a pulsed laser beam impinges on a target to generate a sudden surface temperature rise. The material from the target is expelled as atoms, molecules, clusters, ions, and photons. This mixture, known as plasma or plume, absorbs and radiates light over the entire IR-͑vacuum ultra violet͒-soft-x ray region. Part of the material is condensed on the substrate surface, creating a thin film. In contrast with the simplicity of the experimental setup, there is an insufficient understanding of the physical phenomena involved in the process and the dependence of film properties on the many parameters involved. Usually, there is abundant information on the properties of the target, the laser beam, and the coated film. The target may be analyzed with various electron spectroscopy techniques to obtain its stoichiometry. The film optical properties may be monitored continuously during deposition with in situ spectral and kinetic ellipsometry. However, there is little information on the properties of the plume and how they change with time. This knowledge is essential to understand the phenomenon, 2-4 and develop better models. Eventually, it will allow experiments where the properties of the product are better controlled.
Fundamental parameters of the plasma, such as the electron density N e and temperature T e , have been determined from optical spectroscopy and Langmuir probes. These parameters can be used to determine other quantities, such as relative ion abundances. 5 The electron density is usually found assuming that broadening of the spectral line is due to the Stark effect. 6, 7 This technique depends on T e and the electron impact parameter. The latter has only been estimated for a few ions, due to the complexity involved in the calculus.
On the other hand, the electron temperature has been calculated assuming that the plasma is in local thermodynamic equilibrium ͑LTE͒. LTE can be assumed if collisions dominate over all physical processes. In this case the velocity and energy distribution of particles are given by the Maxwell and Boltzmann distributions, respectively.
Within the plume N e varies drastically, from ϳ10 18 cm Ϫ3 near the target to ϳ10 12 cm Ϫ3 close to the substrate. 8 Thus, the LTE approximation may be suitable near the target, but will be more difficult to comply with as the plume expands. This implies that under the experimental conditions of the PLD process, the LTE approximation is not adequate to determine the temperature profile over the whole plasma region.
Relative level populations, and consequently relative spectral line intensities, can be determined using statistical equilibrium equations, where LTE appears as a particular case of statistical equilibrium ͑SE͒ in the high density limit. Assuming a multilevel atom in SE, it is necessary to consider all possible processes for populating and depopulating any given level. In the SE approach, intensity ratios depend on N e and T e , and therefore can be used to determine these parameters. This approach has been used over a vast range of density and temperature values. For instance, it has been employed for several decades by astrophysicists studying the properties of ionized nebulae, 5 where temperatures are around 10 4 K and the density varies from 10 2 to 10 6 cm
Ϫ3
. In the other extreme 9 it has been used to study laser produced a͒ Author to whom correspondence should be addressed; electronic mail: roberto@ccmc.unam.mx plasmas where the temperature is close to 10 6 K, and the density is between 10 18 and 10 22 cm
. In this article, we investigate density and temperaturedependent line ratios, taking into account regimes and ionic species found in PLD for thin film deposition experiments. Due to our interest in hard coatings grown by PLD, we focus our attention on lines from elements contained in Si 3 N 4 , SiO x N y , Al 2 O 3 , and SiC. 10 We consider the following ions: C III, N III, O III, Si III, and Al III. Spectral lines from some of these ions have been reported in PLD experiments and others are expected to be observed. A brief description of the theory involved in our calculations is presented in Sec. II. Results are given in Sec. III, and in Sec. IV we compare our results with previous experiments, and present a summary with our main conclusions.
II. THEORY
In the high density regime, the plasma is dominated by collisions, and intensity ratios of lines from the same ion will depend exclusively on the temperature in the manner prescribed by the Boltzmann distribution. When the density is smaller than some critical value, relative level populations depart from the Boltzmann distribution, and the SE equations, which take into account all mechanisms populating and depopulating all levels, must be used. The most important mechanisms are spontaneous radiative decay, photoexcitation, photoionization, radiative recombination, collisional ionization, and collisional excitation and de-excitation between levels. Photoexcitation and photoionization can be disregarded since plasmas produced in PLD experiments are optically thin ͑i.e., the radiation emitted by the plasma is not self-absorbed͒. On the other hand, the plume temperature is around 1 eV, and collisional ionization is negligible at these energies. Finally, radiative recombination can also be disregarded if we are dealing with the highest ionization stages observed in the plasma. Thus, the most important mechanisms determining level populations for these ions in PLD plasmas are radiative decay and collisional excitation and de-excitation. In these circumstances the steady-state rate equations are
where N j is the number density of level j,C ji e(d) are the electron collisional excitation ͑superindex e͒ and de-excitation ͑superindex d͒ rate coefficients, and A ji is the Einstein coefficient, which is the radiative transition rate from upper level j to lower level i. The left hand side of this equation includes all processes depopulating level j, and the right hand side includes all the processes populating it. In the Gaunt factor approximation, the collisional excitation and de-excitation rates are given by
where f i j is the oscillator strength, g i j is the effective Gaunt factor ͑usually around 0.5͒, E i j is the energy difference between levels i and j in ergs, T e is the electron temperature in K, and i( j) is the statistical weight of level i( j). From Eq. ͑2.1͒ it follows that transitions between two given levels are sensitive to the electron density when the radiative decay rate A i j is comparable to the collisional depopulation rate N e C i j d . This occurs close to the following critical density:
where i j is the wavelength of the transition in Å. If the density is much smaller than this critical value, energy levels are only depopulated by radiative transitions, and the intensity ratios are insensitive to the density since they depend only on the collisional excitation rates. Collisional deexcitation will dominate at higher densities. In this case, the relative level populations are given by the Boltzmann equation and, once again, line ratios will be density independent. Thus, the electron temperature can be determined without precise knowledge of the density, as long as the latter is larger or much smaller than the critical value. This will be exemplified in Sec. III.
Notice that when the line intensity ratio includes lines emitted from levels with nearly the same excitation energy, i.e., lines with similar wavelengths, the relative excitation rates will no longer be strongly dependent on the temperature. As will be seen in Sec. III, intensity ratios from lines with similar wavelengths can be excellent tools to determine the electron density.
III. RESULTS
Using Eq. ͑2.5͒ as a guideline, we searched for line ratios that are density dependent in the density and temperature range found in plasmas produced by laser ablation experiments designed for thin film deposition. To accomplish this goal we used the CHIANTI 2.0 code, developed by the U.S. Naval Observatory. 12 This code solves the equations of statistical equilibrium, assuming that the only active processes are radiative decay and collisional excitation and deexcitation, and determines the emission spectra of an optically thin plasma in a very wide wavelength range ͑50-11000 Å͒. The advantage of this code is its immense database, which contains the atomic data necessary to determine level populations for a vast number of ions. A summary of the lines involved in the line ratios discussed in this paper is presented in Table I .
A. Aluminum
For Al III we found that I(3602)/I(4481), and I(3613)/I(1935) ͑wavelengths in Å͒ depend on the elec-tron density and temperature. A temperature dependence is expected due to the large wavelength difference between these lines. Our results can be compared with previous observations, since three of the lines involved in these ratios ͑excepting 1935͒ have been reported in the literature. 13 The SE equations for this ion include 21 levels. In Fig. 1 
I(3613)/I(1935).
The following function ͑a sigmoid͒ can be adjusted to fit these curves:
where Xϭlog(N e ). The constants for each curve are given in Table II . In the high density limit, the relative level populations for these transitions can be considered to be in LTE, and the temperature can then be derived from the Boltzman equation. In the low density limit, the line ratio is also density independent, and the temperature can be found using Eq. ͑3.2͒ with the corresponding set of constants ͑see Table III͒ . However, both line ratios have to be used in order to determine the electron density and temperature if the former is between these two extremes.
B. Carbon
The SE equations for C III include 20 levels. For this ion we found a line intensity ratio I(4652)/I(4826) ͑Fig. 5͒, with which the electron density can be obtained regardless of the temperature, since there is a very small wavelength difference in the lines involved. Sigmoid functions ͓Eq. ͑3.1͔͒ were also adjusted to this ratio with the constants given in Table II . These are plotted in Fig. 5 . Densities between ϳ10 14 and 10 16 cm Ϫ3 can be determined from this ratio. None of the lines involved in this ratio has been reported in the literature related to plasmas generated by PLD. The detection of the weakest line, 4826, may require a dedicated experimental effort. The C III ratio I(4648)/I(5697) depends on the electron density and temperature. It is plotted in Fig. 6 as a function of temperature for various values of the electron density. The analytical fits, obtained from Eq. ͑3.2͒ with the constants given in Table III , are plotted as continuous lines. The lines involved in this ratio have been observed in PLD experiments, 6 but the spectrum was not shown and their intensities were not reported. As can be seen, the temperature can be obtained from the Boltzman equation only if the density is larger than ϳ5ϫ10 17 cm
Ϫ3
. The density dependence is also lost if it is smaller than ϳ10 12 cm
. Notice that the temperature can be determined directly from this line ratio, if the density has been previously found from I(4652)/I(4826).
C. Nitrogen
The SE equations for N III include 20 levels. In Fig. 7 we present the N III line ratio I(4635)/I(4641) as a function of density, together with the analytical approximations derived from the sigmoid function. As can be seen, the temperature dependence is minimal, and the density can be derived as long as it is between 10 17 and 10 19 cm Ϫ3 . If the density is known, the electron temperature can be found from the N III I(4098)/I(4643) line ratio. It is displayed as a function of temperature and for several densities in 
D. Oxygen
A very large number of levels ͑46͒ is used to solve the SE equations for O III. The temperature-independent line ratio I(5593)/I(5509) of this ion ͑Fig. 9͒ is sensitive to the electron density between a few times 10 16 and somewhat less than 10 19 cm Ϫ3 . The continuous lines are sigmoid functions ͓Eq. ͑3.1͔͒ with the set of constants appearing in Table II . On the other hand, I(3048)/I(3116) can be used as a temperature diagnostic if the density has been specified. In Fig.  10 we present the behavior of this line ratio as a function of temperature for various densities ͓the continuous curves were determined from Eq. ͑3.2͒ and the constants given in Table III͔ . The Boltzmann equation can be used to find the temperature as long as N e у10 19 cm Ϫ3 , otherwise the density must be specified.
E. Silicon
Twenty levels are considered in the SE equations for Si III. The two line ratios reported here, I(2542)/I(3094) and I(2135)/I(5741) ͑Figs. 11 and 12͒, do not provide an independent determination of the temperature. On the other hand I(2135)/I(5741) was found to be a very good tool to estimate the electron temperature using the assumption of LTE over the entire density range covered by PLD plasmas. As can be seen from Fig. 12 , under this assumption the electron temperature will be underestimated by not more than about 3000 K as long as the plasma temperature does not exceed 22 000 K ͑or as long as the line ratio is not smaller than 0.04͒. The continuous lines appearing in each figure are the corresponding analytical fits ͓Eq. ͑3.1͒ in Fig. 11 and Eq. ͑3.2͒ in Fig. 12͔ .
IV. DISCUSSION
Model predictions can only be confronted to a couple of experiments where the plasma is produced by laser ablation on an aluminum target. 13 Lenk. 14 These values are similar to the electron density reported Knudtson, 13 and differences can be easily accounted for taking into account that the experimental setups of Knudtson 13 and Lenk 14 were probably different, and that the determination of the line intensity ratio was very crude.
In summary, we found several line intensity ratios from ions produced in plasmas generated by PLD that can be used to determine the electron density and temperature over a wide range of conditions in the plume. Our results were successfully compared to the few cases where these quantities had been previously measured. These line ratios provide a unique diagnostic tool to follow up the density and temperature development of the plume from its creation ͑when N e ϳ10 18 cm Ϫ3 ͒ to the point where it is close to the surface to be coated ͑when N e ϳ10 12 cm Ϫ3 ͒. Furthermore, different regions of the plasma can be analyzed at any instant of time comparing results derived from several ions. This should open new experimental and theoretical perspectives on this subject.
These ratios were obtained using the CHIANTI 2.0 code, 12 which is based on the SE equations under the assumption that the only processes populating and depopulating the energy levels are radiative decay and collisional excitation and de-excitation. Under these assumptions only the highest ionization stages can be used with certainty in order to determine these physical parameters. According to the authors of the CHIANTI 2.0 code, a new version including other processes, and in particular radiative recombination, is being developed. When ready, it will be possible to obtain density and temperature dependent line intensity ratios from all ionization stages. 
